Planar particle image velocimetry (PIV) and direct numerical simulations (DNS) of the flow in a precessing cylinder of height-to-radius ratio of 1.835 are presented for a nutation angle of 15
Introduction and background
Earth's magnetic field (Malkus, 1968; Giesecke et al., 2015, 12 and references therein). Also, liquid fuel in spin-stabilised 13 spacecraft may be subject to precessional forcing, desta-14 bilising the whole spacecraft (Manasseh, 1993) . 
62
The total angular velocity along the axis of the cylinder in the inertial frame of reference is
Initially, the cylinder was spinning upright (i.e. with α = 
Computational method

94
The computational methodology is similar to that employed in Albrecht et al. (2015) , with a cylindrical coordinates spectral element-Fourier method for the incompressible Navier-Stokes equations (Blackburn and Sherwin, 2004 ), solved in a reference frame which after tilt- over rotates steadily with angular velocity Ω 2 . The system was non-dimensionalised using the cylinder radius R as the length scale, and the cylinder rotation rate 1/Ω 1 as the time scale. The cylindrical coordinates are r = (r, ϕ, z) and the corresponding velocity is u = (u, v, w). The nondimensional governing equations are
where any terms that can be written as gradients of a 
148
Radial and azimuthal velocity components, u and v, from the PIV plane were projected onto an equivalent slice of the Kelvin mode's velocity components u j and v j , as described in . We assume that the in-plane velocity at height z consists of a sum of Kelvin modes, each rotated by angle β j , is given by
where Ro = (Ω 2 /Ω) sin α, and c.c. denotes complex conju-149 gation. Exploiting the orthogonality of the Kelvin modes,
150
one can obtain the non-dimensional amplitudes a j .
151
A useful diagnostic measure for the DNS data is the kinetic energy per unit volume contained in azimuthal Fourier mode m
where A = Γ R 2 is the area of the meridional semi-plane,
152
and u m is azimuthal mode m of the Fourier transform of 153 the velocity field in the cylinder frame of reference.
154
The governing equations and the boundary conditions are equivariant under a rotoreflection (inversion) symmetry, I. The action of this inversion symmetry on the position vector is Ir = −r, its action on the cylindrical coordinates it is (r, ϕ, z) → (r, ϕ + π, −z), and its action on the velocity is A(I)(u, v, w)(r, ϕ, z, t) = (u, v, −w)(r, ϕ + π, −z, t). (5) A parameter that quantifies the symmetry of a flow is
where S ≥ 0, and S = 0 means that the velocity field assessed from the available experimental data.
Initial dynamics and transition to disordered
188
The experimental PIV data and the two DNS simu-189 lations were projected onto Kelvin modes using (3), and 
231
At an early time, t = 104 as shown in Fig. 8(a, e, i 
Conclusions
295
We presented planar PIV measurements and DNS at 
